Endovascular correction of aortic arch pathology remains a challenge, with a variety of techniques proposed over the years to minimize complications and enhance the probability of a successful result. A variety of approaches have been developed in order to deal with the aortic arch pathology and its idiosyncrasies. We review potential interventional techniques for the repair of aortic arch pathologies, beginning with conventional aortic arch surgery, followed by hybrid treatments and those along the endovascular spectrum (parallel and fenestrated endografts, scalloped endografts, and ascending and new branched endografts). We finish with an overview of all the Bolton Medical (Barcelona, Spain and Sunrise, FL, USA) thoracic platforms. Endovascular techniques show acceptable results in selected cases. Both proximal Bolton Relay configurations (with and without a bare stent) offer conformability and accuracy on deployment with very low rates of stroke. Fenestrated and scalloped designs are also useful for selected cases. Ascending and branched Bolton devices are very promising platforms for a serious, full endovascular approach to the aorta.
Introduction: Aortic Arch-Related Pathologies
There are an increasing number of patients with thoracic aortic pathology. Enlargement of the thoracic aorta is an increasingly recognized condition that is usually diagnosed incidentally on imaging studies performed to evaluate unrelated conditions. Main pathologies of the thoracic aorta, including the arch section, include aneurysms (and sometimes pseudoaneurysms), dissections, penetrating ulcers, and intramural hematomas (IMHs).
Aneurysms along the arch often develop over many years without symptoms; however, they are a serious pathology, with an incidence around 5 to 10 cases per 100,000 patients/year [1] . Arch aneurysms are dangerous health issues, which often require urgent surgical interventions. The prevalence of arch aneurysms may be at least 3-4% of patients older than 65 years. Aortic aneurysms are the 18th leading cause of death in the USA and the 15th among individuals older than 65 years. Aortic aneurysms cause about 13,000 deaths per year in the USA [2] . Thoracic aneurysms are mainly caused by atherosclerosis and other degenerative diseases of the aorta, and have been historically treated with highly invasive surgery. Due to the significant risks associated with thoracotomy, alternative approaches to treat aortic disease have been developed.
Aortic dissections are relatively uncommon, with a documented incidence of 10-20 cases per million population per year [3] . However, aortic dissection is a serious health condition, with extremely high mortality rates, affecting both young and elderly people. Reported incidence rates are probably underestimates of the true incidence, because of difficulties in diagnosis (symptoms of aortic dissection may mimic those of other diseases, often leading to errors in diagnosis). The incidence of aortic dissection appears to have increased over time [3] . Hypertension has been considered the most important risk factor for this condition, which most frequently occurs in men between 60 and 70 years of age [4] . Patients with untreated dissections have a high mortality rate, particularly if the dissection involves the ascending aorta. The mortality rate of patients with untreated dissections can be as high as 90% within 1 week to 3 months of diagnosis [4] .
Penetrating ulcers and IMHs are radiologically distinct from classic aortic dissection. These variants of the acute aortic pathology are prone to rupture. A rupture incidence between 21-47% has been documented. Untreated patients with IMHs can show mortality rates at 30 days of 46%. The clinical impact of Type A IMH (proximal) tends to have a high frequency of complications (dissection or rupture) and even death. Therefore, urgent treatment is required. Surgery has also been the standard treatment of penetrating ulcers; however, it has been associated with high morbidity and mortality (9-38% of cases) [4] [5] [6] . In the case of IMHs, monitoring may be the best approach in cases of nonsevere symptoms, given the risk associated with surgery.
Traditionally, reports using open surgical techniques to treat the aortic arch and ascending aorta show rates of mortality, which range from 0% to 16.5% and stroke rates from 2% to 18% [7] .
The correction of aortic arch pathology remains a challenge, with a variety of techniques proposed over the years to minimize complications and enhance the probability of a successful result [8] . In this light, a variety of approaches have been developed in order to deal with aortic arch pathology and its idiosyncrasies.
Treatment: Conventional to State-of-the-Art Endovascular Solutions

Conventional Treatments: Aortic Arch Surgery
This technique, implying replacement of aortic arch portions by synthetic grafts to restore blood flow through the aorta and all branch vessels, has improved during recent years. Different surgical techniques of extracorporeal circulation with selective supraaortic trunk perfusion appear to decrease cerebral ischemia. However, significant rates of mortality and morbidity persist [8, 9] .
The future of aortic surgery will be influenced by endovascular advances. Despite an interest in developing a unique endovascular approach for the aortic arch, its limitations will probably slow an endovascular replacement of open aortic arch surgery. In addition, some advances of open surgery, including new strategies for cerebral protection (i.e., the use of antegrade cerebral perfusion and the use of more moderate temperatures for hypothermic systemic circulatory arrest) have been made in recent years [4, 9] . Total arch debranching procedures have been described as safe and relatively less invasive in high-risk patients [10] [11] [12] .
The few studies showing hybrid repair of aortic arch aneurysms in samples of fewer than 10 cases showed still-relevant adverse consequences (i.e., perioperative mortality or stroke from 0% to 25%) [13] .
A recent hybrid series for aortic disease focusing on techniques to avoid endoleaks [14] showed 0% incidences of neurologic events and endoleaks. Previous experiences reported endoleaks in 5% to 30% of cases [15] [16] [17] .
Different hybrid alternatives have been proposed to treat various aortic pathologies [18] , with some optimizing the fixation of the endovascular stent graft [8] .
Endovascular: A Rainbow of Solutions for the Arch
The aortic arch is the last frontier for endovascular treatment. This segment presents specific challenges to endovascular repair. In recent years, the number of thoracic endovascular procedures has risen [18, 19] .
An endovascular procedure has a lower mortality rate compared to open surgical repair and is now being used in individuals with conditions that make them high-risk patients for open surgery. Endovascular repair results in excellent midterm protection from aortic-related mortality, regardless of presenting pathology and comorbidities. There is a small, but significant, persistent risk of aorta or aneurysm rupture that is higher than that of an open-surgery aneurysm approach [20] .
Parallel Stent-Grafts: The Chimney or Snorkel Technique. This technique, consisting of endovascular stent placement parallel to the main aortic stent graft in order to preserve or rescue flow to aortic branch vessels and allow proximal extension of endograft fixation zones, has been used in a variety of aortic arch pathologies and is feasible and safe in midterm follow up [21] .
This technique is less challenging compared to fenestrated and branched endografting [22] and can be used with a variety of stents, making it applicable in urgent situations.
The incidence of endoleaks and strokes during the perioperative period is 21.6% and 7.8%, respectively [23] . A limitation is that the stents may become obstructed, resulting in stenosis. Future studies should evaluate long-term graft durability and techniques for fixation to the aortic arch.
Fenestrations.
The thoracic aorta has a three-dimensional angulation and an anatomical peculiarity of three vessels branching at narrow intervals along the arch. Fenestrated endovascular aortic repair enables the continuation of blood flow to the arteries through holes in the graft.
Deployment of the endograft in the arch is necessary to adjust the fenestrations to correspond to each ostium of the vessels. Some second-generation devices have obtained high-quality adaptability to the arch curvature by the use of new materials, shortlength stent elements, and the possibility of an expansion stent system.
The need to maintain perfusion of the branch arteries has limited application of endovascular techniques for treatment of more complex aneurysms. The next generation of precurved fenestrated endografts appears to be a good option for aortic arch aneurysms with a less than 15-mm proximal sealing zone. These devices have a significant advantage in cases where the landing zones have a short neck [24] .
Scallops.
A scalloped device may be a treatment option for urgent aortic arch and aneurysms in the distal aortic proximal-descending aorta. This technique does not require surgical revascularization, providing an adequate landing zone while preserving flow (via the scallop) to the left upper limb and posterior cerebral circulation. Limitations of these devices include a possible lack of accuracy of deployment in the diseased arch and the elapsed time for the device customization (product availability of the custom made device takes 3 weeks on average). Variability of the origin of the left subclavian artery may limit the feasibility of use of ready-made scalloped thoracic stent-graft devices.
New Branched Endografts. New endografts with modular, small branches for aortic arch branches that are flexibly adapted and connected to the stent implanted into the aortic arch appear to be a promising future approach to aortic arch diseases. Different custom-made and off-the-shelf models have been developed [25] [26] [27] [28] with good initial outcomes.
The characteristics of the modular branched grafts are markedly different from previous techniques, allowing precise, optimal positioning of the stent graft and branches.
New-generation stent grafts have good early clinical and radiologic outcomes and avoid the need for open surgery. The off-the-shelf branched solution eliminates adjunctive procedures (hybrid repair, extra-anatomic bypasses, and chimneys). However, demonstration of durability for off-the-shelf branched stent grafts is essential for securing longterm outcomes.
Bolton Medical Approaches: Focus on the Aortic Arch
This part of the report concerns the Relay family of stent graft products for Thoracic Endovascular Aneurysm Repair (TEVAR), commercially available since receiving CE approval in 2005, as well as the Treovance stent grafts for Endovascular Aneurysm Repair (EVAR), receiving the CE mark in 2013 (Bolton Medical, Barcelona, Spain and Sunrise, Florida, USA).
The Relay stent grafts are particularly designed to favor tracking, navigation through and upon landing of the device in the aortic arch, even in challenging anatomies that present acute curvatures and angles, or unfavorable proximal landing zones. The following are the main features underlying performance of the Relay grafts in the aortic arch and ascending aorta segments:
Stent Graft
• Presence of an outer curved Nitinol bar (S-bar) that allows for the gentle conformability of the device along the three-dimensional anatomy of the aortic arch.
• Design of the proximal stent graft with 2 configurations to align to the center of the aortic arch : bare stent (Relay) and without bare stent (Relay NBS) (Figure 1 A and B) . Essentially, the device adapts to the aortic anatomy without modifying the vessel morphology. above favor the use of Relay and Relay NBS in aortic arch lesions. Two major international post-market data registries, RELAY Endovascular Registry for Thoracic Disease (RESTORE) and RESTORE II, have been carried out to obtain clinical feedback when using the products in a "real-life" situation, including a variety of different aortic pathologies and patient conditions (e.g., post-trauma patients) [29, 30] . Table 1 summarizes the operative results obtained with Relay/Relay NBS in aortic arch lesions in a cohort of 304 patients (RE-STORE, European Registry). Table 2 includes results similar to Table 1 but for cases included in RESTORE II (worldwide post market surveillance registry). Only elective cases presenting with aneurysm or dissection were included in the study.
These results from aortic arch surgery are considered satisfactory. The low rate of complications, especially for stroke (1.5% and 1.2%, for RESTORE and RESTORE II, respectively), suggests that both the
Delivery Device
A dual (inner and outer) sheath system provides sufficient pushability in the lowest aortic segment (from the vascular access site to the diaphragm), whereas the flexible Nitinol-made inner tube provides trackability to the operator, even in acute (e.g., Gothic arch) and complicated curves (Figure 2 A-D) .
There are four differently designed solutions among Bolton Medical grafts to be considered when treating the aorta from the aortic valve to the aortic isthmus: Relay and Relay NBS standard (CE mark) stent grafts and three custom-made tailored devices-Proximal Scalloped Relay, Ascending Relay, and Branched Relay-when commercially available products are not sufficient to address a specific anatomical limitation.
Relay and Relay NBS. More than 15,000 Relay and Relay NBS stent grafts have been implanted worldwide so far. The treatment indication described in the instructions for use for the use of these devices in the aorta includes the treatment of aneurysm, pseudoaneurysm, dissection, intramural hematoma, and atherosclerotic ulcers. The design features described width of the scallop but not the length, which can be as long as needed to include one, two, or even three upper trunks in the "window. " Scallops as long as 55 mm in length have been manufactured in cases where the inclusion of all the upper trunks was required ( Figure 3 ). stent graft and the delivery device are effective for this aortic segment.
Proximal Scalloped Relay. Proximal scalloped as well as ascending and branched Relay devices are custom-made, designed, and exclusively manufactured under medical prescription. This process requires about 2 to 3 weeks.
Proximal scallops are sized depending on the measurement of the upper trunk (or trunks) to be included in the scallop. A lateral positioning of the scallop is also a good solution when the upper branch does not arise from the center plane of the aorta.
Strategically placed tubular radiopaque markers are positioned surrounding the scallop. This feature is helpful when manipulating the delivery device for effective matching of the opening with the ostium of the upper branch. The X-ray tube is angulated and changed from left-anterior-oblique to right-anterior-oblique projections to assure both the longitudinal and lateral positioning of the scallop.
Control of systolic arterial pressure is another strongly recommended maneuver during the deployment of the stent graft. Rapid pacing is probably the most effective technique to obtain a near-zero blood pressure level.
Some technical restrictions apply when designing the customization, specifically related to the Relay for Ascending Aorta. As short as 4-7-cm long, customized Relay devices to treat the ascending aorta have been designed and implanted using its nonbare stent configuration to avoid any interference with the aortic valve (Figure 4) .
The anatomical limits to take into account in the ascending aorta are the coronary ostia at the proximal end and the brachiocephalic trunk at the distal end. Thus, a careful analysis of the aortic anatomy when making pre-case assessments and measurements is essential.
As for the proximal scalloped devices, rapid pacing is recommended for the treatment of the ascending aorta; one single systolic peak could incite a partial migration of the device and the unintentional covering of the brachiocephalic trunk.
Branched Relay. A new device with branches for the upper trunks has recently been utilized in patients [32] .
The device is based on the Relay NBS platform but incorporates a "roof-positioned" aperture connected to two internal tunnels for easy cannulation of the two branches ( Figure 5) .
Technically, stent-graft positioning is facilitated by the flexibility of the delivery device's inner Nitinol hyInternational clinical studies (retrospective and prospective) are ongoing in order to collect clinical data to confirm the good results published by several authors experienced with this device [31] . conformability and accuracy on deployment with low rates of stroke. Fenestrated and scalloped designs are useful for selected cases. Ascending and branched Bolton devices are promising platforms for a full endovascular approach to the aorta.
